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Left Ventricular Function in Chronic Aortic Regurgitation
ABDULMASSIH S. ISKANDRIAN , MD, FACC, A-HAMID HAKKI , MD, FAce ,
BRUNO MANNO, MD, ANGELO AMENTA, NMT, SALLY A. KANE, RN
Philadelphia, Pennsylvania
Left ventricular performance was determined in 42 pa-
tients with moderate or severe aortic regurgitation dur-
ing upright exercise by measuring left ventricular ejec-
tion fraction and volume with radionuclide ventriculog-
raphy. Classification of the patients according to exercise
tolerance showed that patients with normal exercise tol-
erance (~ 7.0 minutes) had a significantly higher ejection
fraction at rest (probability [p] = 0.02) and during ex-
ercise (p = 0.0002), higher cardiac index at exercise (p
= 0.0008 ) and lower exercise end-systolic volume (p =
0.01 ) than did patients with limited exercise tolerance.
Similar significant differences were noted in younger
patients compared with older patients in ejection frac-
tion at rest and exercise (both p = 0.001) and cardiac
index at rest (p = 0.03) and exercise (p = 0.0005).
The end-diastolic volume decreased during exercise
In 1978, Borer et al. (I) reported on 43 patients with aortic
regurgitation who were studied at rest and during supine
exerci se by means of gated (equilibrium) radionuclide ven-
triculography. The rest ejection fract ion was normal in 21
of 22 asymptomatic patients and in 14 of 21 symptomatic
patients. However, the exercise ejection fraction was normal
in only I symptomatic.patient and in only 13 asymptomatic
patients .
Dehmer et al. (2) studied 17 patients with aortic regur-
gitation at rest and durin g supine exercise by means of gated
radionucl ide ventriculography. The asymptomatic patient s
showed no significant change in ejection fraction during
exercise, whereas the symptomatic patients showed a sig-
nificant decrease. Subsequent studies (3 ,4) showed that
symptomatic patients with aortic regurgitation may have a
normal ejection fraction at rest and a normal response to
exerci se . The purpose of this study was to define the factor s
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in 60% of the patients. The patients with a decrease in
volume were significantly younger and had better ex-
ercise tolerance and a larger end-diastolic volume at rest
than did patients who showed an increase in volume.
The mean corrected left ventricular end-diastolic radius/
wall thickness ratio was significantly greater in patients
with abnormal than in those with normal exercise re-
serve (mean ± standard deviation 476 ± 146 versus 377
± 92 mm Hg, p < 0.05).
Thus, in patients with chronic aortic regurgitation:
1) left ventricular systolic function during exercise was
related to age, exercise tolerance and corrected left ven-
tricular end-diastolic radius/wall thickness ratio, and 2)
the end-diastolic volume decreased during exercise, es-
pecially in younger patients and patients with normal
exercise tolerance or a large volume at rest.
that affect left ventricul ar function and volume during up-
right exercise in 42 patients with aortic regurgitation.
Methods
Study patients. The study group con sisted of 42 con-
secutive patients with chronic aortic regurgitation who
underwent exercise testing in our laboratory . There were 34
men and 8 women between the ages of 14 and 69 years (42
± 16, mean ± standard deviat ion). Diagnosis was con-
firmed by cardiac catheterization and angiography in 33
patient s. The degree of aortic regurgitation was assessed
qualitativel y by aortography (5) and was found to be eith er
moderate or severe. Coronary arteriography was performed
in the patients older than 30 years of age and showed normal
results in all. Four add itional patients who had coronary
artery disease by coronary arter iography were excluded from
this study . One of the 33 patients had associated mild aortic
stenosis and I had associated mild mitral regurgitation . Nor-
mal sinus rhythm was present in all patients. Aortic regur-
gitation was presumed to be of congenital or rheumatic
origin in 32 patients; in I patient it was due to paravalvular
leak . In the remaining nine patients, the diagnosis of aortic
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regurgitation was made by clinical and echocardiographic
examination (6). These patients were asymptomatic.
Exercise test protocol. On the day of exercise testing,
a 12 lead electrocardiogram was obtained and the patient
then underwent symptom-limited upright exercise on a bi-
cycle ergometer (Quinton Instruments). The starting work
load was 200 kp-rn/min. The work load was increased grad-
ually until the end point of exercise (extreme fatigue, leg
weakness or dyspnea, or a combination of these indications).
During exercise, the patient was seated on a bicycle in front
of a multicrystal gamma camera (Baird-Atomic System-77).
Two electrocardiographic leads (CMs and aVF) were con-
tinuously monitored during the exercise and recovery pe-
riods. Blood pressure was measured by the cuff method
every 2 minutes during the exercise and recovery periods.
Radionuclide ventriculography. Before exercise, a rest
first pass radionuclide ventriculogram was performed with
a bolus injection of 15 mCi of technetium-99m pertechne-
tate. This was repeated at peak exercise. Data during ex-
ercise were obtained while the patient continued to pedal.
The patient's chest was stabilized against a collimator as he
or she held rails at the sides of the camera's head.
Radionuclide ventriculograms were processed with the
computer software incorporated into the Baird-Atomic sys-
tem (6,7). The validation of radionuclide-derived measure-
ments has been previously reported (3). The lower limit of
a normal rest ejection fraction in our laboratory is 50%.
Change in normal ejection fraction response to exercise is
defined as a 0.05 or greater increase in ejection fraction
from rest to exercise.
Normal control subjects. The changes in left ventric-
ular volume and ejection fraction in patients with aortic
regurgitation during exercise were compared with those seen
in 15 normal subjects (12 men and 3 women) aged 25 to
62 years (mean age 41). These subjects were studied because
of atypical angina, but at cardiac catheterization their left
ventriculogram and coronary angiogram were found to be
normal.
Echocardiography. We obtained M-mode echocardio-
grams with the patient in the supine or left lateral decubitus
position, using an ultrasonoscope with a 2.25 MHz medium
(7.5 em) internally focused transducer. The echocardio-
grams were recorded on a strip chart. Measurements of
the left ventricular posterior wall, septum and cavity di-
mension were made at the level of the chordae tendineae at
the onset of the QRS complexes (8). The left ventricular
radius/wall thickness ratio was corrected for systolic blood
pressure by the following:
(LVEDD/2 PWTh) X SBP,
where LVEDD = left ventricular end-diastolic internal di-
mension, PWTh = posterior wall thickness at end-diastole
and SBP = systolic blood pressure (4).
Statistical analysis. Differences between rest and ex-
ercise results were analyzed by means of the paired t test.
Differences between groups were analyzed by the analysis
of variance or the chi-square test. Results were expressed
as the mean ± standard deviation (SD) when appropriate.
A probability (p) value of 0.05 or less was considered
significant.
Results
Ejection fraction. The left ventricular ejection fraction
was normal at rest in 20 patients and abnormal « 50%) in
the remaining patients. A normal rest ejection fraction with
a normal response to exercise (2: 0.05 increase) was ob-
served in 10 patients. A normal ejection fraction response
to exercise (2: 0.05 increase) was seen in eight patients with
an abnormal rest ejection fraction.
Exercise tolerance. With the exercise tolerance of our
normal subjects as a base (minimal exercise duration 7.0
minutes), patients with aortic regurgitation were classified
into those with normal exercise tolerance (2: 7.0 minutes)
and those with abnormal exercise tolerance (exercise du-
ration < 7.0 minutes). Important differences were noted
among patients with aortic regurgitation when they were
grouped according to normal or abnormal exercise tolerance
(Table 1). Patients with normal exercise tolerance were sig-
nificantly younger (p = 0.0001) and had a higher ejection
fraction at rest (p = 0.02) and during exercise (p = 0.0002)
(Fig. 1), higher exercise cardiac index (p = 0.0008) and
lower exercise end-systolic volume (p = 0.01) than did
patients who had limited exercise tolerance. Other important
differences were noted when the patients were grouped ac-
cording to age (Table 2). Younger patients had a signifi-
cantly higher ejection fraction at rest (p = 0.001) and during
exercise (p = 0.001), higher cardiac index at rest (p =
0.03) and during exercise (p = 0.0005), lower blood pres-
sure and better exercise tolerance (p = 0.0004) than did
older patients.
Left ventricular dimensions. The incidence of left ven-
tricular hypertrophy by electrocardiogram was not signifi-
cantly different in patients grouped according to symptoms,
age or exercise tolerance. The mean of the corrected left
ventricular end-diastolic radius/wall thickness ratio was sig-
nificantly greater in patients who had an abnormal ejection
fraction response to exercise than in those who had a normal
response (476 ± 146 vs. 377 ± 92 mm Hg, p < 0.05).
The echocardiographic measurements of the posterior wall
thickness, end-diastolic and end-systolic dimension are pro-
vided in Table 2.
End-diastolic volume (Table 3). Left ventricular vol-
ume measurements were available in 40 of the 42 patients
at rest and during exercise (Fig. 1, Table 3). In contrast to
the normal subjects who showed either no change or an
increase in end-diastolic volume during exercise (Table 4),
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Table 1. Data in Relation to Exercise Duration in Patients With Aortic Regurgitation
Exercise Duration (mean ± SD)
Age(yr)
R-EF(%)
Ex-EF (0/0)
R-EDV (ml)
Ex-EDV (ml)
R-ESV (ml)
EK-ESV (ml)
R-CI (liters/min per rrr')
Ex-CI (hters/min per m1)
R-HR (beats/min)
Ex-HR (beats/min)
R-SBP (mm Hg)
Ex-SBP (mm Hg)
R-DBP (mm Hg)
Ex-DBP (mm Hg)
Ex duration (min)
L. EF (0/0)
L. EDV (ml)
LV PWTh (mm)
LV EDD (mm)
LV ESD (mm)
< 7.0 min (n = 17)
53 ± 12
45 ± 13
43 ± 14
299 ± 177
291 ± 140
183 ± 155
184 ± 135
*{5.0 ± 1.7
7.8 ± 1.7
{
77 ± 19
* 143 ± 39
_{141 ± 31
189 ± 24
t{ 66 ± 14
80 ± 15
4.6 ± 15
-1.0 ± 7.0
-8 ± 67
1.0 ± 0.2
6.2 ± 1.4
4.5 ± 1.4
2: 7.0 min (n = 25)
35 ± 14
54 ± 12
61 ± 14
*{293 ± 138
237 ± 92
141 ± 87
99 ± 67
_{ 5 9 ± 2.1
10.7 ± 2.9
{
77 ± 14
- 151 ± 15
_{I27 ± 17
180 ± 28
67 ± 14
72 ± 18
10.1 ± 2.8
7.0 ± 9.0
-55 ± 73
1.0 ± 0.2
5.9 ± 1.2
4.0 ± 0.8
p Value
(R vs. Ex)
0.0001
0.02
0.0002
NS
NS
NS
0.01
NS
0.0008
NS
NS
NS
NS
NS
NS
0.0001
0.004
0.04
NS
NS
NS
*Probability (p) < 0.001. t P < 0.02. t p < 0.01.
CI = cardiac index: DBP = diastolic blood pressure; L. = change; EDD = end-diastolic dimension: EDV = end-diastolic volume, EF = ejection
fraction; ESD = end-systolic dimension; ESV = end-systolic volume; Ex = exercise; HR = heart rate, LV = leftventricular; n = number of patients,
NS = not significant; PWTh = posterior wall thickness: R = rest; SBP = systolic blood pressure; SD = standard deviation.
patients with aortic regurgitation showed a mean decrease
in end-diastolic volume with exercise. The end-diastolic
volume decreased in 24 (60%) of the 40 patients. Patients
who showed a dectease in end-diastolic volume were youn-
ger (p < 0.05), had better exercise tolerance (p = 0.04)
and had a larger rest volume (p ;= 0.009) (Table 3). The
magnitude of decrease in end-diastolic volume was signif-
icantly greater (p = 0.04) in patients with normal exercise
tolerance than in patients with reduced exercise tolerance.
The change in ejection fraction during exercise did not cor-
relate with the change in end-diastolic volume (r = 0.44)
(Fig. 2).
Discussion
First pass radionuclide ventriculography with a multi-
crystal gamma camera has several advantages in evaluating
patients with aortic regurgitation. First, it can be easily
performed with the patient in the upright position. Second,
data acquisition time is short, and therefore the exercise
measurements represent the hemodynamic abnormalities that
occur at peak exercise, Finally, this method (as well as gated
radionuclide ventriculography) is noninvasive; it has no di-
rect negative inotropic effect on ventricular function (such
as might occur with contrast angiography), and therefore is
useful for serial measurements.
Changes in end-diastolic volume during exercise. In
1832, Corrigan (9) made the following observations:
The danger of the disease [aortic regurgitation] is in pro-
portion to the quantity of blood that regurgitates and the
quantity that regurgitates will be large in proportion to the
degree of inadequacy of the valves and to the length of
pause between the contractions of the ventricle during which
the blood can be pouring back. If the action of the heart be
rendered very slow, the pause after each contraction will be
long and, consequently, the regurgitation of blood must be
considerable. Frequent action of the heart, on the contrary,
makes the pause after each contraction short, and in pro-
portion as the pauses are shortened, the regurgitation must
be lessened.
The studies of Judge et al. (10) and Firth et al. (11) con-
firmedCorrigan's hypothesis using atrial pacing. These studies
showed a decrease in left ventricular end-diastolic volume,
but no change in regurgitant fraction. Changes in regurgitant
fraction during exercise, however, are unknown.
We observed a decrease in end-diastolic volume during
upright exercise in 60% of our patients with aortic regur-
gitation. Patients who had a decrease in end-diastolic vol-
ume tended to be younger and to have normal execise tol-
erance and a larger rest volume. Dehmer et al. (2) observed
that symptomatic patients with aortic regurgitation had an
increase in end-diastolic volume during exercise whereas
the asymptomatic patients had variable changes. However,
their patients were exercised in the supine position. Peter
and Jones (3) observed that patients with aortic regurgitation
and angina had a smaller end-diastolic volume at rest that
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Figure 1. Changes in ejection fraction, end-diastolic volume and
end-systolic volume during exercise in patients with aortic regur-
gitation. Open circles denote patients with normal exercise tol-
erance and closed circles denote patients with abnormal exercise
tolerance.
did not change during exercise, but in patients without an-
gina, the end-diastolic volume was higher at rest and de-
creased during exercise. Thus, age, symptoms, exercise
tolerance, left ventricular size and body position during
exercise may effect marked changes in ventricular volume
during exercise. These results also indicate that changes in
left ventricular volume during exercise are different from
those during pacing.
Exercise-induced changes in left ventricular ejection
fraction. The natural history of patients with aortic regur-
gitation is marked by a fairly long period during which the
patient remains asymptomatic (12-15). During this period,
a gradual increase in left ventricular end-diastolic volume
and left ventricular compliance can be seen, with little or
no elevation in left ventricular end-diastolic pressure. How-
ever, once symptoms of heart failure appear, there is usually
rapid deterioration in the condition of the patient.
It has been suggested that since exercise-induced abnor-
malities in left ventricular function precede the abnormal-
ities at rest, serial studies might be used to indicate the best
time for surgery. Our results, however, differ from those
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Table 2. Data in Relation to Age in Patients With Aortic Regurgitation
s 40 years (n = 19) > 40 years (n = 23) p Value
Age (yr)
R-EF (%)
Ex-EF (%)
R-EDV (m!)
Ex-EDV(ml)
R-ESV (ml)
Ex-ESV (ml)
R-C! (liters/rmn per rrr')
Ex-C) (liters/min per rrr ' )
Ex-HR (beats/min)
R-SBP (mm Hg)
Ex-SBP (mm Hg)
R-DBP (mm Hg)
Ex-DBP (mm Hg)
Ex duration (min)
LV PWTh (mm)
LV EDD (mm)
LV ESD (mm)
*p < 0 .00 I. t p < 0 .01 .
Abbreviation s as in Table I.
28 :!: 8
57 :!: 10
63 :!: 12
t{300 :!: 142
242 :!: 98
140 :!: 90
98 :!: 68
{
6.3 :!: 2.3
• 11.2 :!: 3.1
152 :!: 18
{
122 :!: 20
• 173:!: 29
62 :!: 16
67 :!: 15
9.9 :!: 3.5
I I :!: 0.2
6.0 :!: 1.3
3.8 :!: 0.8
54 :!: 9
45 :!: 12
47 :!: 16
29 1 :!: 165
271 :!: 127
173 :!: 139
159 :!: 123
. { 4 .9 :!: 1.5
8.3 :!: 1.9
144 :!: 33
.{141 :!: 25
193 :!: 21
.{ 70 :!: 14
87 :!: 15
6.2 :!: 2.7
1.0 :!: 0.1
6.1 :!: 1.2
4.4 :!: 1.2
0 .0001
0 .001
0 .001
NS
NS
NS
NS
0.03
0 .0005
NS
0.007
0.01
NS
0.003
0.0004
NS
NS
NS
of Borer et al. (1) and Dehmer et al. (2). In our study,
normal left ventricular responses during exercise were seen
in the presence of abnormal function at rest in both symp-
tomatic and asymptomatic patients. Similar results have been
reported by others (3,4) . The difference between our results
and those of Borer et al. (1) and Dehmer et al. (2) may be
related to the type of exercise, which was upright in our
study (as well as in the studies of Lewis et a1. [4] and Peter
and Jones [3]) and supine in the other studies . Previous
studies (16-18) showed important hemodynamic differences
between supine and upright exercise.
Furthermore, it is possible that the symptoms in some
patients might have been exaggerated by fear or anxiety, as
well as by the uncertainty of the treating physician in many
circumstances. It may be equally true that denial of symp-
toms because of fear of surgery or change in life style may
have affected our classification of patients . Therefore, one
important implication of exercise testing may be to stratify
patients by objective data based on their exercise tolerance.
Thus, patients with normal exercise tolerance had a higher
rest and exercise ejection fraction , lower exercise end-sys-
tolic volume and higher exercise cardiac index than did
patients with reduced exercise tolerance (Table 1). Left ven-
tricular dilation at rest was similar in patients with normal
or abnormal exercise tolerance. However, the end-diastolic
volume decreased during exercise in patients with normal
exercise tolerance and remained unchanged in the remaining
patients . According to the pressure-volume relation, it is
possible that the decrease in volume acts as a protective
mechanism by limiting the increase in left ventricular filling
pressure and thus improving exercise capacity. Age, and
hence duration of disease, also had an important effect on
left ventricular function; younger patients had higher rest
and exercise ejection fractions and cardiac index , better
Table 3. Comparison Between Patients With a Decrease and Those With an Increase in End-Diastolic Volume During Exercise
Decrease (n = 24) Increase (n = 16) P Value
Age (yr)
Ex duration (min)
R-HR (beats/min)
Ex-HR (beats/min)
R-EF (%)
Ex-EF (%)
R-EDV (ml)
Ex-EDV (ml)
R-ESV (ml)
Ex-ESV (m!)
*p < 0 .001.
Abbreviations as in Table I.
38 :!: 14
8. 8 :!: 3.7
{
77 :!: 1O
• 148 :!: 20
50 :!: 15
56 :!: 18
347 :!: 177
264 :!: 144
189:!: 142
133 :!: 131
48 :!: 17
6 .4 :!: 3.1
{
76 :!: 23
* 146:!: 38
50 :!: 9
50:!: 14
220 :!: 54
251 :!: 57
112 :!: 45
131 :!: 60
< 0.05
0.04
NS
NS
NS
NS
0.009
NS
0 .05
NS
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Table 4. Hemodynamic Measurements at Rest and During Exercise in 15 Normal Subject s
Measurement Rest Exercise p Value
HR (beats/min) 79 ± II 157 ± 14 < 0.001
SBP (mm Hg) 122 ± 18 167 ± 25 < 0.001
DBP (mm Hg) 82 ± 10 90 ± 12 < 0.02
EF (%) 61 ± 6 73 ± 5 < 0.001
EDVI (ml/m-) 78 ± 17 85 ± 14 NS
ESVI (mllm2) 3 1 ± 9 25 ± 10 NS
CI (Iiters/mm per m2) 3.0 ± 0.7 9.4 ± 1.8 < 0.00 1
Ex duration (min) 9.9 ± 2.6
EDVI = end-diastolic volume index ; ESVI = end-systolic volume index; other abbreviations as in Table I
exercise tolerance and lower blood pressure than did older
subjects (Table 2).
Role of left ventricular hypertrophy and wall stress.
Studies in patients with congestive cardiomyopathy have
demonstrated that the extent of left ventricular hypertrophy
rather than ventricular dilation is linked to survival (19-
21). Benjamin et al. (19) suggested a more favorable prog-
nosis in patients in whom there is evidence of left ventricular
hypertrophy. They propo sed a left ventricular hypertroph y-
dilation index (average left ventricular wall thickness/max-
imalleft ventricular cavity diameter) to differentiate patients
with congestive cardiomyopathy and short-term survival from
patients with long-term survival. Electrocardiographic evi-
dence of left ventricular hypertrophy, however , was of lim-
ited value in making a prognosis.
Our data demonstrate that in patients with chronic aortic
regurgitation, the corrected left ventricular radius/wall
thickness ratio was significantly greater in patients who had
an abnormal ejection fraction response to exercise than in
patients who had a normal response. This finding is in agree-
ment with the results of Lewis et al. (4) . This ratio represents
volume/mass ratio and, according to the Laplace relation ,
the wall stress remains normal as long as the hypertroph y
is proportional to dilation (22) .
Clinical implications. Exercise testing is useful in pa-
tients with aortic regurgitation to categorize them according
to their exercise toleranc e, which can be used to predict left
ventricular performance both at rest and during exercise.
The presence of depressed ventricular function at rest does
not preclude a normal ejection fraction response to exercise.
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